Background: The CDKN2A/B locus contains crucial tumor suppressors and a lncRNA gene ANRIL. However, the mechanisms that coordinately regulate their expression levels are not clear. Methods: Novel RNAs transcribed from the CDKN2A gene were screened by CDKN2A-specific RNA capture deepsequencing and confirmed by Northern blotting and clone-sequencing. Long non-coding RNA (lncRNA) binding proteins were characterized by RNA pull-down combined with mass spectrometry and RNA immunoprecipitation. LncRNA functions in human cells were studied using a set of biological assays in vitro and in vivo. Results: We characterized a novel lncRNA, P14AS with its promoter in the antisense strand of the fragment near CDKN2A exon 1b in human cells. The mature P14AS is a three-exon linear cytoplasmic lncRNA (1043-nt), including an AU-rich element (ARE) in exon 1. P14AS decreases AUF1-ANRIL/P16 RNA interaction and then increases ANRIL/P16 expression by competitively binding to AUF1 P37 and P40 isoforms. Interestingly, P14AS significantly promoted the proliferation of cancer cells and tumor formation in NOD-SCID mice in a P16-independent pattern. Moreover, in human colon cancer tissues, the expression levels of P14AS and ANRIL lncRNAs were significantly upregulated compared with the paired normal tissues. Conclusion: A novel lncRNA, P14AS, transcribed from the antisense strand of the CDKN2A/P14 gene, promotes colon cancer development by cis upregulating the expression of oncogenic ANRIL.
Background
Three important tumor suppressor genes (P16 INK4A , P14 ARF and P15 INK4B ) and the oncogenic lncRNA ANRIL (CDKN2B-AS1) resides in the human CDKN2A/B locus at chromosome 9p21 [1] . P16 and P15 proteins target CDK4/6 through the CDK4/6-RB-E2F pathway, and inactivation of P15 and/or P16 allows cells to escape cell cycle arrest in G1 while P14 protein binds to MDM2 and results in P53 activation. While ANRIL was reported to downregulate P15 and P16 expression by interacting with components of polycomb repressive complex-1/-2 [2] [3] [4] [5] , ANRIL was also found to be coordinately transcribed with P16 in cancer cells and transcriptionally repressed by P16 DNA methylation [6] . This gene locus is frequently inactivated in cancer genome by somatic copy-number deletion and DNA methylation, leading to familial pancreatic cancer and melanoma.
AUF1 is an essential RNA binding protein that promotes the decay of many cancer-related RNAs, including P16, c-MYC, NEAT1 [7] [8] [9] [10] . In this study, we designed a probe set to capture all possible transcripts from the CDKN2A locus and performed an extra-deep sequencing (CDKN2A RNACap-Seq) to identify given and novel RNAs from this gene and flanking regions. We characterized, for the first time, a novel lncRNA called P14AS (NCBI GenBank MK574077) transcribed from the antisense strand of the fragment around exon 1β of the CDKN2A gene. We found that AUF1 binds to P14AS and the AUF1 binding of the ARE (AU-rich element) in exon 1 of the P14AS gene increases ANRIL/P16 level. Furthermore, a significantly higher level of P14AS exists in colon cancers compared to paired normal tissues and that P14AS could markedly promote the proliferation of cancer cells and tumor formation in a P16-independent pattern in vitro and in vivo.
Total RNA was used to synthesize complementary DNA (cDNA). In total, 3 μg of cDNA was fragmented by nebulization. The fragmented DNA was repaired, and an 'A' was ligated to the 3′ end. Illumina adapters were then ligated to the fragments, and the sample was size-selected with a 350-400-bp product. The size-selected product was amplified by PCR. Each sample was tagged with a unique index during this procedure, and the final product was validated using a Bioanalyzer (Agilent, USA). The amplified DNA (1 μg) was mixed with a CDKN2A-specific biotinylated probe panel to tile along chr9: 21,959,171-21, 999,170 (30-kb; hg19; excluding repeat sequences; MyGenostics GenCap Enrichment Technologies, Beijing, China; Fig. 1a ), held at 65°C with the PCR lid heat on for 22 h for hybridization. The hybridized DNA was heated at 95°C for 7 min and 65°C for 2 min in the PCR machine. Then, 23 μL of the 65°C prewarmed Buffer HY (MyGenostics, Beijing, China) was added to the mix. 50 μL of MyOne beads (Life Technology, USA) was washed in 500 μL 1× binding buffer 3 times and resuspended in 80 μL 1× binding buffer. Then, 64 μL 2× binding buffer was added to the hybrid mix and transferred to the tube with 80 μL MyOne beads. The mixture was rotated for 1 h on a rotator. The beads were then washed once with WB1 buffer at room temperature for 15 min and three times WB3 buffer at 65°C for 15 min. The bound DNA was then eluted with Buffer Elute. The eluted DNA was finally amplified for 15 cycles using the following program: 98°C for 30 s (1 cycle); 98°C for 25 s, 65°C for 30 s, 72°C for 30 s (15 cycles); and 72°C for 5 min (1 cycle). The PCR product was purified using SPRI beads (Beckman Coulter) according to the manufacturer's protocol. The enrichment libraries were sequenced on an Illumina HiSeq 2000 sequencer for paired reads of 100-bp.
Illumina clean reads were aligned to each human reference genome using the BWA program, and quality scores were recalibrated and realigned to references using the GATK software package. Duplicated reads were removed using Sequence Alignment/Map tools (SAMtools), and only uniquely mapping reads were used for variation detection. The RNA-seq datasets were uploaded into the NCBI website (GES128205).
Northern blotting
Total RNA was electrophoresed in a formaldehyde denaturing agarose gel after extracting from cells with the Ultrapure RNA kit (Beijing Com Win Biotech Co., Ltd., China). The RNA (10 μg) was transferred to a positively charged NC film with 20× SSC buffer (3.0 M NaCl and 0.3 M sodium citrate, pH 7.0). The membrane was UVcross-linked and incubated with 32 P-labeled RNA probes (Table 1 ) generated by the Rediprime II Random Prime Labelling System according to the manufacturer's instruction. The membrane was washed 2-3 times using 2× SSC/0.2% SDS under the condition of 65°C for 15 min. The membrane was put into the phosphorus screen and pressed for several hours to overnight according to the signal strength.
Plasmid construction and transfection
The 1043-nt P14AS lentiviral vector was constructed in PCDH-CMV-EF1a-copGFP-T2A-Puro lentiviral vector by Syngentech Co., Ltd. (Beijing, China). The lentiviruses for the empty control and P14AS expression vector were generated with the lentiviral packaging kit (BG20401S, Beijing Syngentech Co., Ltd., China) according to the manufacturer's manual. Briefly, HEK293FT cells were seeded in 6 cm diameter plates, and transfected with vectors at 40% confluence. The medium was collected after 48 h, and filtered with a 0.45 μm filter. The stably transfected HCT116, SW480 and MGC803 cells were selected for 3 days after infection of these viruses with 1 μg/mL puromycin (Sigma, St. Louis, MO, USA). The four AUF1 isoforms (p37, p40, p42 and p45 KD) in pcDNA3.1 vector were kindly provided by Professor Xiaotian Zhang at Beijing Normal University [11] . To construct the pGEX-4 T-1-AUF1 expression vectors, the full-length coding region of four AUF1 isoforms was amplified by PCR using the primers (Table 1 ) and then inserted between the EcoRI and XhoI sites of the pGEX-4 T-1 vector. These proteins were purified with GST-tag from bacteria [12] .
RNA sequencing
The AUF1 gene was knocked down in stably P14ASoverexpressed HCT116 cells for 72 h. The transcriptomes of these cells were sequenced, as described in the supplemental method (Additional file 1). The data sets were deposited in the Gene Expression Omnibus database with the accession number GSE127905. Function annotation for differentially expressed genes was performed using the David 6.8 online tools at the website (https://david.ncifcrf.gov/tools.jsp) [13] .
Knockout of AU-rich element (ARE) in exon 1 of P14AS and its promoter by CRISPR/Cas9
A dual gRNA approach was used to knock out the AREcontaining sequence in exon 1 of the P14AS gene and its promoter by the CRISPR/Cas9 system, respectively. The oligonucleotides used for sgRNA construction were individually designed upstream and downstream of the target fragment ( Table 1 ) and were synthesized by Thermo Scientific, Inc. (Rockford, IL, USA). The sgRNAs were cloned into the Lenti-CRISPR-V2 vector expressing Cas9 (Plasmid #52961, Addgene, Inc.). Then, the lentiviral plasmid expressing both gRNAs and Cas9 was introduced into HEK293FT cells. The viral supernatants were collected 48 h after transfection and were used to infect HEK293T and HCT116 cells. One week later, the infected cells were subjected to puromycin selection, and surviving cells were seeded into 96-well plates to select the monoclonal cells. Initial identification of knockout cell clones was carried out by genomic PCR, the sequences of out-and in-primers are listed in Table 1 . P14AS ARE−/promoter-KO-negative clones were pooled and served as a wildtype (WT) control.
RNA pull-down assay
Biotin-labeled targeted P14AS probe #1-#6, and control probe #1-#2 (Escherichia coli strain genome) ( Table 1 ) were in vitro synthesized by the Beijing Genomics Institute using PierceTM RNA 3′ End Desthiobiotinylation Kit (20,163, Thermo Scientific, Rockford, IL, USA) These probes were incubated with separated lysates from HEK293T cells, as described in the supplemental methods (Additional file 1).
RNA immunoprecipitation assay (RIP)
The RIP assay was carried out using the RNA-Binding Protein Immunoprecipitation Kit (Cat# 17-701, EZ-Magna, Millipore, USA) according to the manufacturer's instructions. Total AUF1-binding RNAs were immunoprecipitated and extracted using AUF1 antibody (ab61193, Abcam, UK). cDNA was synthesized from the RIP-RNAs using random primers, and gene-specific quantitative PCR was then performed using the primer P14AS-F1 and -R1 set to amplify the 254-bp fragment within the 1043-nt P14AS gene (Table 1) .
Animal experiments
HCT116 cells stably transfected with the control, P14AS expression vector or P14AS knockout vector were harvested by trypsinization, washed twice with PBS, and then subcutaneously injected into the bilateral inguinal area of female NOD/SCID mice (body weight, 18-20 g; age, 6 weeks, Beijing Huafukang Bioscience Co. Inc., 2 × 10 6 cells per injection). On the 17th posttransplantation day, mice were sacrificed. For the experiment on tumor growth from P14AS −/− and P14AS +/+ HCT116 cells (2 × 10 6 cells per injection), the mice were sacrificed on the 19th posttransplantation day. Tumors were fixed in 4% paraformaldehyde, sectioned, and stained with hematoxylin and eosin (H&E).
Statistical analyses
All statistical analyses were performed using SPSS 18.0 software. The Kolmogorov-Smirnov test was used to estimate the normality of distributions. The Mann-Whitney U-test was conducted for non-normally distributed data. Student's t-test was conducted for normally distributed data. All statistical tests were two-sided. Statistical significance was assigned at P < 0.05 (*) or P < 0.01 (**).
(See figure on previous page.) Fig. 1 Characterization of lncRNA P14AS in cancer cells. a Illustration of the location of CDKN2A RNA capture probes (30 k) and lncRNA P14AS transcribed from the antisense strand of the sequence around exon 1β of the CDKN2A gene (chr9: 21,989,178-21,994,898 in the human genome GRCh37/hg19). Sequences for the three exons are highlighted with different colors: exon 1 in gray, exon 2 in blue, and exon 3 in green. AT (AU in RNA) sites are marked with red letters. b The expression status of P14AS in various human cell lines by Northern blotting. An 80-nt P14ASspecific probe was labeled with 32 P for Northern blot analysis. The 18S rRNA and 28S rRNA were used as RNA controls. c cDNA synthesized from total RNA with or without RNase R digestion was used as the PCR template. d Cytoplasm P14AS (red) was visualized by RNA-FISH in HEK293T and SW480 cells, but not in A459 cells without the CDKN2A/B locus. P14AS-specific probes were labeled with Cy3 dye. The 18S rRNA and U6 RNA were used as the cytoplasm and nucleus RNA controls, respectively. Scale bar, 5 μm 
Other methods
Other used methods, including cell culture, Western blotting, RT-PCR, RNA sequencing, RNA-FISH, RNA pull-down, cell proliferation and migration assays, siRNA downregulation, electrophoretic mobility shift assay (EMSA), and induction of methylation of P16 CpG islands, were listed in the supplemental method (Additional file 1).
Results

Characterization of endogenous lncRNA P14AS in cancer cells
An RNACap-Seq technology was established and used to screen novel CDKN2A-specific RNA transcripts in HEK293T and MCF7 cells ( Fig. 1a) . A three-exon 1043nt lncRNA transcribed from the antisense strand of the fragment around exon 1β of the CDKN2A locus was detected from the RNACap-Seq readouts (chr9: 21,989, 178-21,994,898 in the human genome GRCh37/hg19; (Additional file 2: Fig. S1A ). The results of Northern blot analysis confirmed the existence of the endogenous lncRNA P14AS in 6 cell lines (BGC823, SGC7901, HepG2, HCT116, HEK293T, and SW480 cells; Fig. 1b ).
P14AS was not detected in the negative control cell lines A549 (without CDKN2A/B allele) and AGS (containing fully methylated P16 alleles). LncRNAs, including ANRIL, are often processed into circular RNAs. To study whether P14AS is a circular RNA, the linear RNAs were digested by RNase R before cDNA synthesis by reverse transcription (RT). No RT-PCR product was amplified from the RNase R-digested samples, indicating that P14AS is a linear lncRNA (Fig. 1c ). The PhyloCSF analysis results showed that P14AS has no coding capacity (Additional file 2: Figure S1B ). RNA-FISH analysis revealed that endogenous P14AS was mainly distributed in the cytoplasm of HEK293T and SW480 cells ( Fig. 1d ).
It is well-known that P14 and P16 genes are transcribed from different transcription start sites (TSSs) in the human CDKN2A locus. Also, P14 and P16 mRNAs share the same CDKN2A exon 2 with different translation reading frames (Additional file 2: Figure S1a ). Similarly, P14AS exon 3 (79-nt) completely overlaps with the 5′-sequence in exon 1 of ANRIL ( Fig. 1a and S1a). Therefore, ANRIL and P14AS might be spliced from the same primary transcript, and P14AS might be an isoform of ANRIL. Alternatively, ANRIL and P14AS may be transcribed from the CDKN2A gene using different TSS and partially shared exon 1 of ANRIL.
Direct lncRNA-protein interaction between P14AS and AUF1
We performed a biotin-labeled RNA pull-down and mass spectrometry assay to identify potential P14ASbinding proteins from HEK293T cell lysates. We found that endogenous AUF1 proteins were the top proteins in the P14AS pull-down complexes (Additional file 3: Table  S1 , Fig. 2a ). Western blot analysis confirmed the interaction between AUF1 and P14AS (Fig. 2b ). To determine whether P14AS naturally binds to AUF1 protein in cells (without gene overexpression), we performed the RNA-Immunoprecipitation (RIP) assay and found that P14AS was significantly enriched in the AUF1 antibody-RIP complexes compared with the IgG control ( Fig. 2c ), indicating the occurrence of endogenous P14AS-AUF1 binding in cells. The results of the RNA-EMSA assay further confirmed that P14AS could directly bind to four AUF1 protein isoforms (Fig. 2d ). Unlabeled P14AS probe (× 10) could inhibit most of the P14AS-binding to AUF1 P37 and P40. In addition, there were two P14AS-binding Table 1 Sequences of oligo probes and primers (Continued)
Assay
Oligo name Oligo sequence (5′-3′) Temp.
P14AS-S1R uaaagggucugacucuucctt
bands for the AUF1 P42 and P45 complexes and unlabeled P14AS probe could only inhibit the P14AS-binding to one of these AUF1 bands. These results suggest specific bindings between P14AS and AUF1, at least for P37 and P40 isoforms.
P14AS-AUF1 interaction upregulates ANRIL expression
As lncRNAs often act as cis regulators of nearby genes, we determined whether P14AS could affect the expression of ANRIL and other neighboring genes. The qRT-PCR results revealed that stable P14AS overexpression consistently increased the expression level of ANRIL in SW480, HCT116, and MGC803 cells ( Fig. 3a-3b ). Similar results were also observed for P16, P15, and P14 genes hosted by the same 9p21.3 locus (Additional file 4: Figure S2a -S2b). We then hypothesized that P14AS-AUF1 interaction could protect ANRIL and other RNAs from degradation. To test this hypothesis, the ARE element in P14AS exon 1 (Fig. 1a ) was homogenously knocked out (KO) in HCT116 and HEK293T cells using CRISPR/Cas9 technology ( Fig. 3c ). PCR-sequencing and RT-PCR analyses confirmed the homogenous deletion of P14AS exon 1 (416-bp and 514-bp deletions) in the HEK293T (KO-1 and -2) and HCT116 clones (KO-1 and -2) (Additional file 4: Figure S2c ). The expression levels of ANRIL were significantly decreased in the HCT116 and HEK293T P14AS-KO cells in the qRT-PCR analyses (Fig. 3d ). Similar decreases of P15, P14, and P16 expression levels by P14AS knockout were also observed in these clones (Additional file 4: Figure S2c-S2d) .
We next determined if P14AS impacts ANRIL/P16 RNA stability through interaction with the AUF1 protein. As expected, ANRIL and P16 mRNA indeed existed in the AUF1-RIP RNA complexes in HCT116 cells (Additional file 5: Figure S3a ), suggesting that both ANRIL and P16 mRNA are AUF1-binding RNAs. The amount of the AUF1-RIP ANRIL and P16 mRNA was significantly decreased in HCT116 cells with P14AS overexpression compared with the control cells (Additional file 5: Figure S3b ), suggesting a competitive AUF1-binding between P14AS and ANRIL/P16 RNAs (Additional file 5: Figure S3c ).
We further transiently transfected scramble control and AUF1 siRNA in P14AS-overexpressed stable HCT116 cells, and performed RNA sequencing at 72 h after transfection. The results showed that ANRIL was one of the P14AS-upregulated lncRNAs (fold change > 2.0) while AUF1 knockdown upregulated many lncRNA genes (N = 341). However, after the AUF1 knockdown, P14AS could not upregulate ANRIL expression (Additional file 6: Figure S4 ). In addition, after the AUF1 knockdown, P14AS downregulated many lncRNA genes (N = 433). No significant changes in P15 and P16 mRNA levels were observed. These results imply that P14AS could protect the decay of lncRNAs, including ANRIL, in an AUF1-dependent pattern. The results of David functional annotation analyses showed that about half of P14AS-upregulated and -downregulated genes were Table S2 and Additional file 8: Table S3 ). However, 155 of 377 (41%) upregulated genes and 246 of 437 (56%) downregulated genes were not included in the David 6.8 functional annotation analyses. Thus, more functions of P14ASaffected RNAs were expected.
Interestingly, a positive relationship between the expression levels of ANRIL and AUF1 mRNA was also observed using the transcript databases for 1037 cell lines in the cancer cell line encyclopedia (CCLE) project [R = 0.23 (or 0.30 for 224 cell lines with relative CDKN2A copy number > 0), P < 0.001; Additional file 9: Figure S5 ]. Again, the AUF1 expression did not correlate with that of P16 and inversely correlated with P15 expression in these cell lines. Overall, these results suggest that P14AS could upregulate the expression of ANRIL (and other lncRNAs), probably in an AUF1 binding-dependent pattern.
Promotion of cell proliferation and tumor formation by P14AS
We further studied the effects of P14AS overexpression on cancer cell behavior in vitro and in vivo. Both human colon cell lines SW480 and HCT116 and gastric cancer cell line MGC803 were stably transfected with the P14AS expression vector. The results of CCK-8 and long-term dynamic observation assays revealed that P14AS overexpression promoted cell proliferation but did not promote cell migration ( Fig. 4a and b) .
Moreover, the proliferation of both HCT116 and HEK293T cells was significantly inhibited by the P14AS-KO compared to the wild-type (WT) controls (Fig. 4c , left and middle, respectively). The results of rescue experiments showed that enforced P14AS re-expression could completely recover the P14AS-KO-inhibited proliferation of HCT116 cells after 96 h, though the proliferation difference was still observed at the beginning between the P14AS-KO cells and P14AS re-expressing cells after cell seeding (Fig. 4c, right) . Notably, stably AUF1 shRNAknockdown completely abolished the P14AS-induced enhancement of the proliferation of HCT116 cells (Fig. 4d ). As expected, the level of ANRIL expression was significantly increased in these cells with stably AUF1 knockdown. Since the P16 gene is inactivated in HCT116 cells, endogenous lncRNA P14AS may serve as a sponge to protect other AUF1 targets from decay and promote cancer cell proliferation. These phenomena suggest that the enhancement of cell proliferation by P14AS may depend on the ARE element in P14AS exon 1.
To validate the in vitro results, NOD-SCID mice (N = 10) were injected with HCT116 cells stably transfected with P14AS into the left inguinal area and the empty control vector into the right inguinal area for each mouse. On the 17th posttransplantation day, the number and weight of tumors in the P14AS group were significantly higher than those in the control group (P < 0.01, Fig. 5a ). The qRT-PCR results indicate that P14AS remained to be actively transcribed in these tumors. In contrast, knockout of the AREcontaining element in P14AS exon 1 decreased the growth of HCT116 cells (P = 0.08, Fig. 5b) . The qRT-PCR results illustrated that the level of KO-truncated P14AS lncRNA was higher in the P14AS-KO cells than that of wild-type P14AS in the pre-injection P14AS-KO cells and derived tumors. Thus, knockout of the exon 1 ARE-containing element may lead to compensatory upregulation of the truncated P14AS gene residue. Collectively, these results indicate that P14AS promotes cancer cell proliferation in vitro and tumor formation in vivo.
Coordinate overexpression of P14AS, ANRIL, and AUF1 in colon cancer tissues
To determine whether P14AS, ANRIL, and P16 expression were coordinately upregulated in cancer development, we examined their expression status in colon cancer (CC) and their corresponding surgical margin (SM) tissue samples from 172 patients, and normal colon mucosa biopsy samples from 50 noncancer patients. The results of qRT-PCR detection (254-bp) revealed that the average P14AS level in CC tissues, with and without ANRIL expression, was significantly higher than that in the paired SM tissues and normal biopsies (Additional file 10: Figure S6a-b) . The average P14AS level in SM samples was also markedly higher than that in normal colon biopsies. More P14AS was detected in CCs with advanced local invasion (trend-test, P = 0.034; Additional file 11: Table S4 ). These phenomena suggest that P14AS upregulation is an early event in CC development and correlates with CC invasion.
In addition, the positive rate of ANRIL (by RT-PCR) was significantly higher in CCs than SMs (90/167 [53.9%] vs. 52/167 [31.1%], P < 0.001; Additional file 13: Table S5 ). Similarly, the average P16 mRNA level was also significantly higher in CCs than SMs (Additional file 10: Figure S6a) . In contrast, the average P15 mRNA level in CCs was considerably lower than that in SM tissues. The level of AUF1 mRNA (by qRT-PCR) was significantly higher in CCs than SMs (median, 22.02 vs. 1.77, P < 0.001; Additional file 14: Table S6 ). While no significant assoication between clinicopathological characteristics and the level of AUF1 mRNA was detected for CCs, the level of AUF1 mRNA was higher for SMs from patients with stage I&II CC than those with stage III&IV (Mann-Whitney U-test, P = 0.014).
The P16 mRNA level (by qRT-PCR) was also significantly higher in the P14AS-positive colon CC and SM tissues (by RT-PCR; 1043-bp) than in the P14AS-negative tissues (nonparametric tests, P = 0.039; Additional file 10: Figure S6c ). Once again, no significant correlations were observed between the levels of P14AS and P15 mRNA (Additional file 10: Figure S6d ). Thus, P14AS expression is coordinately overexpressed with ANRIL and P16 in colon tissues.
In addition, the level of AUF1 mRNA was positively associated with P14AS expression in CC or SM samples (Pearson_r = 0.27, P = 0.002; Additional file 12: Figure  S7a ). The level of AUF1 mRNA was significantly higher in ANRIL-positive SMs than ANRIL-negative SMs (P = 0.047). A similar difference was also observed between CCs with and without ANRIL expression (P = 0.061; Additional file 12: Figure S7b ).
Combined analysis showed that the frequency of P14AS and ANRIL coexpression was significantly higher in distant metastatic colon cancers than non-metastatic colon cancers (53.3% vs. 30.7%, P = 0.018; Additional file 15: Table S7 ). Such an association could not be observed when P14AS and ANRIL were individually analyzed.
Characterization of the P14AS promoter
According to the ENCODE datasets for 7 cell lines, there is a promoter-like sequence 2-kb upstream of P14AS exon 1. This region is enriched with active H3K27Ac and H3K4Me3 modifications (Additional file 16: Figure  S8a-S8b) , where RNA polymerase II (POLR2A)-binding was detected (Additional file 16: Figure S8c , highlighted in red lines). This promoter-like sequence is conserved among vertebrates (Additional file 16: Figure S8d ) and implies its biological significance. To study whether this sequence is the P14AS promoter, we knocked out of this sequence (653-bp) with CRISPR/Cas9 and found that the level of P14AS transcription was dramatically decreased in two HEK293T subclones (KO-3 and KO-4; Fig. 6a-c ). In addition, the level of ANRIL expression (by qRT-PCR) was significantly reduced (Fig. 6d) . The results of long-term dynamic observation assays showed that the proliferation of these P14AS promoter-KO cells was also repressed (Fig. 6e) . These data strongly suggest that this sequence may be the P14AS promoter.
Discussion
Accumulating evidence has revealed that lncRNAs function in multiple cellular processes, including transcription, intracellular trafficking, chromosome remodeling, and disease development. Deregulation of lncRNAs was found in various cancers [14] [15] [16] . The 9p21 locus is the most frequently deleted allele in cancer genomes. This locus contains several important tumor suppressor genes (CDKN2A/B encodes the P16, P14, and P15 proteins). It also hosts the oncogenic antisense lncRNA gene ANRIL, which is implicated in cancers of the colon, breast, lung, and bladder [17] [18] [19] [20] [21] [22] . In the present study, we characterized a new oncogenic antisense lncRNA, P14AS, in this locus. Our systemic studies show that P14AS cis upregulates ANRIL and promotes cancer cell proliferation.
We found that P14AS was frequently overexpressed in CC tissues, and that P14AS overexpression promoted the proliferation of cancer cells. In contrast, P14AS knockdown by siRNA and knockout of the ARE-containing element in P14AS exon 1 by CRISPR/Cas9 could repress cancer cell proliferation. The effect of P14AS on cancer cell proliferation was confirmed in a mouse model. These results suggest that P14AS may be an oncogene. We also analyzed the expression status of P14AS in gastric carcinoma tissues (N = 40), P14AS expression was not detected (data not shown). This result warrants studying its roles in cancer development in other organs.
In addition, although P14AS could upregulate P16 expression in cell lines and P14AS expression is positively correlated with P16 expression in colon tissues, P14AS overexpression or knockout remains to affect the proliferation of the P16-inactive cell lines (HCT116 and SW480), suggesting that P14AS may function as an oncogene in a P16-independent way. P16 is a weakly expressed nucleic protein in normal cells. However, the P16 protein is sequestered in the cytoplasm without tumor suppressor function in many cancer tissues, including CCs [6] . Therefore, the upregulation of P16 expression by P14AS in cancers may not affect cancer development. Instead, dysfunctions of P16, P14, and P15 cause abnormal G1-S shift in the cell cycle that plays crucial role in the malignant transformation of human cells due to increased phosphorylation of RB1 [2] . AUF1 is a member of the family of RNA binding proteins that is termed ARE/poly (U)-binding/ degradation factor 1. The canonical functions of AUF1 are to regulate mRNA decay and translation via recognition of specific sequence elements in mRNA 3′ untranslated regions (3'UTR) [23] . For example, AUF1 is involved in the regulation of c-MYC and P16 mRNA stability [7, 8] . Previous studies have identified AUF1 as an important destabilizer for P16 mRNA, thereby influencing cell senescence [24] . Moreover, AUF1 can interact with lncRNAs, including NEAT1 (10) and linc-ROR [9] . Interestingly, we found that there is an ARE element in P14AS exon 1 that binds to AUF1. Notably, knockout of the ARE-containing element not only abolishes the function of P14AS to upregulate ANRIL and P16/P14/P15 expression but also eliminates the effect of P14AS on cancer cell proliferation. Because re-expression of the wild-type P14AS could restore the effect of P14AS-KO on cell proliferation and stable knockdown of AUF1 expression could abolish the effect of P14AS on cell proliferation, P14AS-AUF1 binding is highly considered to be the main pathway for the function of P14AS.
It has been reported that AUF1 isoforms (P37, P40, P42, And P45) could form dimers, which could yield oligomeric AUF1 complexes [25, 26] . In our RNA-EMSA assay, most P14AS-binding to the AUF1 P37 and P40 band was inhibited by the unlabeled P14AS probe (× 10), suggesting high binding specificity between these AUF1 isoforms to P14AS.
Moreover, we found that P14AS overexpression and knockout/knockdown significantly increased and decreased ANRIL expression in many cell lines, respectively. The results of our RNA-seq analyses confirmed the upregulation (fold change > 2.5) of ANRIL expression by P14AS in HCT116 cells. Both P14AS and ANRIL were upregulated in CC tissues, and more P14AS was detected in the ANRIL-positive tissues than the ANRIL-negative tissues. In addition, the results of our AUF1 RIP-PCR experiment indicate that ANRIL lncRNA is an AUF1binding RNA. Analysis of the public CCLE data reveals that the AUF1 mRNA level was positively and significantly correlated with the ANRIL lncRNA level in 1037 human cancer cell lines. The level of AUF1 mRNA was positively and significantly associated with the P14AS level in CC tissues. These findings support that P14AS may function as an oncogene through the cis upregulation of ANRIL expression in cancer cells through AUF1-P14AS binding.
Consistent with the reported functions of AUF1 in degrading RNAs, AUF1 knockdown by siRNA could upregulate the expression of many lncRNAs in HCT116 cells in our RNA-seq analysis. However, in cells with AUF1 knockdown, P14AS downregulated the expression level of many lncRNAs (fold change <− 2.0), which was not observed in cells with P14AS overexpression alone. This implies that AUF1 may be a dominant factor in regulating P14AS functions.
It is well-recognized that DNA demethylation of CpG islands around TSS is needed for gene transcription [27] and that methylation of CpG islands in the gene body is needed for active genes to repress abnormal transcription from cryptic TSSs [28] . Surprisingly, it was reported that the ANRIL expression level was positively associated with the methylation level of the P14 promoter CpG islands in tissues [29] , implying that the P14 promoter CpG islands may not be the true ANRIL promoter but the ANRIL gene body CpG islands. We also reported that ANRIL and P16 are coordinately transcribed in CCLE cell lines, and P16 methylation repressed both ANRIL and P16 expression and did not affect P14/P15 expression [6] . Furthermore, we found that P16 methylation repressed P14AS expression in BGC 823 cells (Additional file 17: Figure S9 ), suggesting a co-repression of P14AS, ANRIL, and P16 expression by DNA methylation of the P16 CpG island around TSS. Chromosome conformation capture (3C) analysis showed that the P16 promoter could play a key role in formation of compact chromatin loops [30] . P16 promoter methylation may lead to focal chromatin condensing and downregulation of these genes. We also found that the 79-nt sequence of P14AS exon 3 was completely overlapped with the 5′-sequence of ANRIL exon 1. To test the probability that P14AS and ANRIL might be spliced from the same primary transcript, we knocked out the promoter-like sequence 2-kb upstream of P14AS exon 1 with CRISPR/ Cas9 and found a dramatically decreased P14AS transcription and slightly decreased ANRIL expression in two subclones, providing strong evidence to support the conserved sequence is the P14AS promoter. The fact that KO of the P14AS promoter only weakly decreased ANRIL transcription suggests that the P14AS promoter is likely not the ANRIL promoter or the ANRIL gene could be transcribed using multiple TSSs.
Unlike mature mRNAs that may contain many exons, approximately 42% of mature lncRNAs contain only two exons [31] . In melanoma cells, preliminary ANRIL transcripts could be spliced into diverse mature forms, including linear ANRILs mainly located in the nucleus and circular ANRILs located in the cytoplasm, which imply function difference between linear and circular ANRILs [32] . The specific processing patterns for lncRNAs make the characterization of lncRNA genes much more complicated than the identification of mRNAs. This processing might account for misidentification of TSSs for lncRNA genes.
It was reported that ANRIL knockdown inhibited the proliferation migration of hepatoma cells [33, 34] . However, we found that P14AS overexpression or knockout only increased or decreased the proliferation of cell lines HCT116, SW480, and HEK293T, but did not affect the migration of these cells. As we observed in RNAsequencing data, P14AS could target to both ANRIL and other ncRNAs in AUF1-dependent manner. This may account for the difference of biological functions between ANRIL and P14AS. It is worth studying whether linear or circular ANRIL transcription and degradation are regulated by P14AS.
